Abstract-This paper describes the passive quench protection system selected for the muon ionization cooling experiment (MICE) cooling channel coupling magnet. The MICE coupling magnet will employ two methods of quench protection simultaneously. The most important method of quench protection in the coupling magnet is the subdivision of the coil. Cold diodes and resistors are put across the subdivisions to reduce both the voltage to ground and the hot-spot temperature. The second method of quench protection is quench-back from the mandrel, which speeds up the spread of the normal region within the coils. Combining quench back with coil subdivision will reduce the hot spot temperature further. This paper explores the effect on the quench process of the number of coil sub-divisions, the quench propagation velocity within the magnet, and the shunt resistance.
I. INTRODUCTION
T HE MUON ionization cooling experiment (MICE) will be a demonstration of ionization cooling in a short section of a muon cooling channel. The MICE cooling channel contains three absorber focus coil (AFC) modules and two RF coupling coil (RFCC) modules that reaccelerate the muons back to their original momentum [1] . The RFCC module consists of a 1.9 m long vacuum vessel that contains four 201.25 MHz RF cavities that are bounded by thin beryllium windows. The coupling magnet located outside of the RF cavity vacuum vessel is a superconducting solenoid that produces enough magnetic field (up to 2.2 T on axis) to guide the muons and keep them within the iris of the thin RF-cavity windows [2] .
The MICE coupling solenoid uses multifilament Nb-Ti in a copper matrix. The magnet is cooled with a pair of pulse tube coolers, hence the magnet current is low. During a quench, the Worst case design based on p = 240 MeV=c and = 420 mm magnet stored energy and the high conductor current density causes a large temperature rise where the quench originated. In addition, high voltages between the coil and ground will develop. The magnets in MICE will be passively quench-protected through coil subdivision and quench-back. This paper describes the magnet quench protection system. The effects of coil subdivision, quench propagation velocity, and the shunt resistance across each subdivision on the magnet hotspot temperature and the voltage to ground are studied.
II. PASSIVE QUENCH PROTECTION SYSTEM DESIGN

A. Coupling Coil Design
The coupling magnet will work in two modes due to the polarity change of two focusing coils in the AFC module. One is gradient mode (flip mode), and the other is solenoid mode (non-flip mode). Table I shows the coupling coil design parameters. The worst-case is to operate the MICE in the flip mode at a muon average momentum of 240 MeV/c. The beam beta at the center of the absorbers is designed to be 420 mm.
The coupling coils will be made from a commercial copper matrix Nb-Ti conductor originally used for MRI magnets. The conductor is 760 A at 5 T and 4.2 K. Using this conductor, the magnet margin is expected to be 0.8 K when the induction at high field point is 7.4 T, the current is 210. 
B. Protection Circuit Design
Fig . 2 shows the proposed coupling magnet circuit. A 300 A 10 V power supply is used charge the magnet. The magnet will be discharged through a water-cooled varistor circuit. The current into the magnet will be carried by a single pair of copper and HTS leads. The coil will have eight subdivisions with a pair of back-to-back R620 diodes at 5 K and a resistor across each subdivision. The coil rapid discharge system will consist of 25 diodes mounted on a water-cooled plate. The mandrel acts as a shorted secondary circuit inductively coupled with each of the coil subdivisions [2] .
Magnet subdivision is a passive quench protection method long used in MRI magnets. Back-to-back cold diodes allow the magnet to be safely quenched at either magnet polarity. The high diode forward voltage (at least 4 V at 5 K) across the diodes prevents current from bypassing the magnet coil during a magnet charge or discharge at its design charging and discharging voltage. Magnet coil subdivision reduces both the voltage to ground and the hot spot temperature [4] , [5] .
The magnet aluminum mandrel is inductively coupled to all of the coil subdivisions. The mandrel will act as a shorted secondary circuit that absorbs energy from the magnet during a quench. The current in the mandrel will heat the mandrel, which will eventually heat up the adjacent coil subdivisions and induce new normal zone. This process is called quench back. Quench back will speed up the quench process, and thus reduce the hot spot temperature [6] , [7] . 
III. THE QUENCH MODEL DESCRIPTION
A semi-empirical quench model considering both the subdivision and quench back has been developed. A quench is initiated in the mid-plane and starts to expand in the three directions with velocities (longitudinal propagation along the coil conductor), (radial propagation) and (axial propagation). The normal zone shape is assumed to be an ellipsoid [8] . In the model, the average constant quench propagation velocities in three directions are used during quench process. The calculation proceeds in time steps. At each step another layer is added to the surface of the normal zone like the skin of an onion. After a time step the current will have decayed. The calculation continues until each coil subdivision current is less than the 1 percent of its initial current. Helium cooling is ignored in this simulation.
Each coil section is assumed to be adiabatic, for each time step. The temperatures of each successive quenching volume are determined by the joule heating within that volume. The hot-spot temperatures are the temperatures of the start point in each subdivision. The power supply is disconnected once the quench starts. The cold diodes are assumed to be a short circuit. The rapid discharging diode stacks are assumed to be closed. The current in all conducting loops including the mandrel are calculated using the inductance matrix, the shunt resistance and the temperature-dependent normal zone resistance [9] . The voltages-to-ground are estimated by using the resistive voltage drop across the normal zone in each magnet coil subdivision.
The quench-back time is the sum of two time periods. The first time period is the time it takes for the aluminum mandrel heat up to the superconductor critical temperature ( 9 K). This time is associated with the shift of the current from the superconducting coil to the conductive mandrel. A high resistivity mandrel will take longer to heat to 9 K than a low resistivity mandrel, hence a stainless steel mandrel is not used. The second time period in the quench back process is the time needed for heat to flow from the mandrel to the superconductor. This time is associated with the heating of the superconductor and the heating of the insulation between the superconductor and mandrel. This time is of the order of 0.08 to 0.10 s when the insulation thickness between the coil conductor and the mandrel is 1 mm [7] . After quench back occurs, the magnet normal region is the normal region due to quench propagation plus the normal region induced due to quench back from the mandrel.
IV. A PARAMETER STUDY OF THE QUENCH PROCESS
A. The Effect of Magnet Coil Subdivision
The effects of subdivision number of 2, 4, 6 and 8 were studied. All simulation cases use the quench propagation velocities shown in Table II and the shunt resistance across each subdivision is zero. Fig. 3 shows the peak hot-spot temperature as a function of the number of sub-divisions. The coil hot-spot temperature is 135 K for eight subdivisions and 149 K for two subdivisions. The peak hot-spot temperature decreases as the number of subdivisions increases. Because of inductive coupling between subdivisions, the temperature of the coil will become more uniform with more subdivisions. Fig. 4 shows the voltage to ground with different subdivision numbers. The voltage to ground is 2.7 kV for 8 sub-divisions and 10.6 kV for 2 sub-divisions. The maximum voltage to ground decreases as the subdivision number increases. Without subdivision the maximum coil voltage is 22.5 kV. The voltage-to-ground is slightly lower without quench-back.
B. The Effect of Quench Propagation Velocity
The effect of quench propagation velocity within the coupling magnet on the magnet quench process was studied. Table II shows two different quench velocities cases studied. The Case 1 quench velocities are based on Nb-Ti quench propagation measurements made at LBNL in the 1970's. According to this correlation, the propagation velocity is dependent only on the current density in the conductor cross-section and the conductor magnetic induction. Both quench velocities are for an average magnet field of 2.5 T and a matrix current density of [4]. Case 1 velocities correspond to using Nb-Ti in the coil. Case 2 velocities are the Case 1 velocities divided by three, which corresponds to using in the magnet. Both cases were simulated for an operating current of 210 A, an operating temperature of 4.2 K and a resistance of 0 ohms across each subdivision. Fig. 5 shows the peak hot-spot temperature for the two cases. In Case 1 the hot-spot temperature is 135 K; in Case 2 the hot-spot temperature is 216 K. High quench propagation velocities make the temperature within the coil more even. Without quench-back the hot-spot temperature in the magnets would be much higher. Fig. 6 shows the voltage to ground for the quench propagation velocity cases. In Case 1 the peak voltage-to-ground is 2.7 kV; in Case 2 the peak voltage-to-ground is about 2.6 kV. In this model the voltage to ground is the voltage drop across the resistance of the normal zone. A fast propagation velocity induces a fast growth of normal zone resistance. With a rapid growth of normal zone resistance, the magnet current rapidly decreases. The voltage to ground is a function of both the resistance and dI/dt.
C. The Effect of Shunt Resistance Across a Subdivision
The effect of a resistance of 0 and 5 ohms (at 4 K) across each subdivision was studied. In both cases the voltage drops across diodes were ignored. The resistance change with temperature was also ignored. In both cases the simulations were done using the Case 1 quench propagation velocities. Fig. 7 shows the effect of the shunt resistance on the hot spot temperature. In the 0-ohm case, the hot spot temperature is 135 K. In the 5-ohm case, the hot spot temperature is 100 K. The hot-spot temperature decreases with an increase in the shunt resistance. The reason for this is that the shunt resistor absorbs stored magnetic energy from the magnet. This energy doesn't end up in the coil winding. Fig. 8 shows the effect of the shunt resistance on the voltage-to-ground. In the 0-ohm case, the voltage to ground is 2.7 kV. In the 5-ohm case, the voltage-to ground is 1.35 kV. The quench velocities in the two cases are same. Quench back increases the voltage-to-ground slightly for both cases.
A large shunt resistance results in a faster current decay and a slower increase of the coil normal zone resistance. All these effects result in lower peak voltage-to-ground. When the shunt resistance per coil sub-division is 5 ohms, 5.5 MJ of the coil energy ends up in the resistors. The resistors must have a mass of 1.5 kg per ohm in order to absorb magnetic energy from the coil without going above 350 K. If the shunt resistance is too high, the voltage to ground and the hot spot temperature increase, because less coil energy is removed.
V. CONCLUSION
A passive quench protection system for coupling magnet based on coil subdivision and quench back has been designed. A special semi-empirical model was developed to analyze the quench process and study the effect of coil sub-division, of quench propagation velocities, and of the shunt resistance across each subdivision.
More magnet sub-divisions result in lower hot-spot temperatures and lower voltages-to-ground. Quench-back from the mandrel reduces the hot-spot temperature and increases the voltage to ground a few percent.
Faster quench propagation velocities will result in lower hot-spot temperatures, but the voltages-to-ground may increase. Quench-back will have a large effect on the hot-spot temperature when the quench propagation velocities are low. The cases illustrated were for Nb-Ti and . Hot-spot temperatures would be much higher if the coil superconductor was an HTS conductor, because HTS conductors have much lower quench propagation velocities.
A larger shunt resistance across each subdivision will result in lower hot-spot temperatures and lower peak voltages-to-ground provided significant magnetic energy is removed from the system by the shunt resistors. Since the shunt resistors are cold, they must have enough mass to keep their temperature from going above room temperature when the quench is over. In the coupling magnet, a 50 m-ohm stainless steel will be used per magnet sub-division. A larger resistor would be desirable, but the space available for the eight shunt-resistors is limited.
The MICE coupling magnet can have a passive quench protection system that is based on sub-dividing the coil and putting a cold diode and resistor across the subdivisions. Even when the resistance across the sub-division is low, eight sub-divisions of the coupling magnet coil are adequate for effective quench protection of the magnet.
